We have previously reported that induction of adenomyosis in mice results in progressive hyperalgesia, uterine hyperactivity, and elevated plasma corticosterone levels and that epigallocatechin-3-gallate (EGCG) treatment dose dependently suppressed myometrial infiltration and improved generalized hyperalgesia. In this study, we examined whether adenomyosis induced in mice results in the loss of GABAergic inhibition as manifested by the diminished glutamate decarboxylase (GAD) 65-expressing neurons in the brainstem nucleus raphe magnus (NRM) that could correlate with heightened hyperalgesia. We also evaluated whether EGCG treatment would reverse these changes and also improve the expression of some proteins known to be involved in adenomyosis. Adenomyosis was induced in 28 female ICR mice and additional 12 were used as blank controls, as reported previously. At the 16th week, all mice with induced adenomyosis received low-or high-dose EGCG treatment or untreated. Mice without adenomyosis received no treatment. After 3 weeks of treatment, their uterine horns and brains were harvested. The right uterine horn was used for immunohistochemistry analysis and for counting the number of macrophages infiltrating into the ectopic endometrium. The brainstem NRM sections were subjected to immunofluorescence staining for GAD65. We found that mice with induced adenomyosis had significantly diminished GAD65-expressing neurons, concomitant with heightened hyperalgesia. Treatment with EGCG increased these neurons in conjunction with improved hyperalgesia, reduced the expression of p-p65, cycloxygenase 2, oxytocin receptor, collagen I and IV, and transient receptor potential vanilloid type 1 in ectopic endometrium or myometrium, reduced the number of macrophages infiltrating into the ectopic endometrium while elevated the expression of progesterone receptor isoform B. Thus, adenomyosis-induced pain resembles neuropathic pain in that there is a remarkable central plasticity.
Introduction
Adenomyosis is a rather common gynecologic disorder with a poorly understood pathogenesis. 1 In premenopausal women who underwent hysterectomy because of adenomyosis, dysmenorrhea is the most common complaint. 2 However, the mechanisms of adenomyosis-caused pain are still poorly understood. Consequently, treatment of adenomyosis poses a formidable challenge, 3 with hysterectomy being the treatment of choice for severe adenomyosis.
Following reports that the eutopic endometrium in women with endometriosis is hyperinnervated, 4, 5 it has been reported that the functional layer of endometrium in women with symptomatic adenomyosis is hyperinnervated as well. 6, 7 Uterine hyperactivity has also been reported in women with adenomyosis 8 and mouse with induced adenomyosis. 9, 10 In conjunction with hyperinnervation, the uterine hyperactivity, likely mediated mainly through oxytocin receptor (OTR), 8 constitutes afferent sensory signals that are transmitted to the brain and ultimately interpreted as dysmenorrhea or pain in women with adenomyosis.
Although progress is made in identifying nociceptors involved in adenomyosis-induced pain, much less progress has been made in identifying cortical loci that process pain messages and their modulation. Indeed, the sensation of pain can be modulated not only during its ascending transmission from primary afferent terminals to the central nervous system (CNS) 11 but also in different segments of the CNS and descending control from the higher centers. 12 It is well established that the CNS contains a pain-modulation system that controls the transmission of nociceptive signals from the sensory nerves to the cerebral cortex, which can be either facilitatory or inhibitory. [12] [13] [14] In particular, chronic pain is thought to be caused in no small part by sustained activation of descending pain facilitatory pathways from the brainstem nucleus raphe magnus (NRM), a critical supraspinal site for maintenance of pain hypersensitivity in behavioral states of chronic pain. 13, 15 Unfortunately, little is known as whether there is any change in pain modulation in adenomyosis-induced pain.
It is well known that g-aminobutyric acid (GABA) is the most abundant inhibitory neurotransmitter that inhibits the transfer of nociceptive signals from primary afferent fibers to the CNS. The GABA is synthesized by 2 isoforms of glutamate decarboxylase (GAD), GAD65, and GAD67. The GAD67 is found mainly in the cell body, whereas GAD65 localizes to the nerve terminal and binds reversibly to the membrane of synaptic vesicles. 16 Mice lacking GAD65 exhibit thermal hyperalgesia, suggesting that GAD65-mediated GABA synthesis plays a significant role in nociceptive processing via supraspinal mechanisms. 17 Indeed, supraspinal GABAergic inhibition, usually through modulation of specific GABA A receptor subtypes, plays an important role in neuronal hyperexcitability and spinal/supraspinal nociceptive neurons. 18, 19 We have previously shown that mice with induced adenomyosis exhibit increased uterine hyperactivity, general hyperalgesia, and elevated plasma corticosterone levels. 9, 10, 20 We have also shown that treatment with valproic acid, a histone deacetylase (HDAC) inhibitor, is efficacious in improving generalized hyperalgesia resulting from induced adenomyosis in mice. 20 Treatment with levo-tetrahydropalmatine, an analgesia, and andrographolide, an NF-kB inhibitor, can retard myometrial infiltration, reduce uterine contractility, and alleviate generalized hyperalgesia in mice with induced adenomyosis. 9 In addition, we have recently shown that treatment with epigallocatechin-3-gallate (EGCG), a major component of green tea, dose dependently suppressed myometrial infiltration, improved generalized hyperalgesia, reduced uterine contractility, and lowered plasma corticosterone levels. 10 Based on the same experiment as we reported recently, 10 we sought to determine in this study as whether the induction of adenomyosis would cause any changes in the NRM, and, if so, whether the change would correlate with the documented change in hotplate latency in mice with or without adenomyosis. We also sought to determine, as a sequel to the study previously reported, 10 whether the treatment of EGCG would rectify the change in NRM resulting from adenomyosis induction. In addition, we also performed an immunohistochemistry analysis of progesterone receptor isoform B (PR-B), NF-kB, cycloxygenase 2 (COX-2), OTR, transient receptor potential vanilloid type 1 (TRPV1), collagen I, and collagen IV in ectopic/eutopic endometrium/myometrium, counted the number of macrophages infiltrating into the ectopic endometrium, and correlated these measurements with the depth of myometrial infiltration, contractile amplitude and frequency, and posttreatment hotplate latency and plasma corticosterone levels.
Methods and Materials

Chemicals
Epigallocatechin-3-gallatewas purchased from Sigma-Aldrich (St Louis, Missouri). It was dissolved in 0.9% saline for intraperitoneal administration. Tamoxifen citrate was purchased from Fudan Forward Pharmaceutical Company (Shanghai, China). All other chemicals were also purchased from Sigma unless stated otherwise.
Animals and Treatments
The first part of this experiment has been reported previously. 10 Briefly, 4 pregnant ICR mice with a gestational age of 15 to 16 days were purchased from Shanghai Laboratory Animal Corporation (Shanghai, China) and each of them was housed in a single cage during the rest of the gestation period and the ensuing birth and nursing period. The pups (1 day after birth) were sexed, and the female pups were selected for use in this study. The same litter of pups and the dam were housed in the same cage until weaned. All mice were housed in an animal care facility under controlled conditions (20 C, 12:12 light-dark cycle with lights on at 6:00 AM) and had free access to chow and fresh water.
Adenomyosis was induced by orally dosing female neonatal mice tamoxifenas reported previously. 10 Female control neonatal mice, selected randomly, were fed similarly with the same amount of solvent, without tamoxifen.
All experiments were performed under the guidelines of the National Research Council's Guide for the Care and Use of Laboratory Animals 21 and approved by the institutional experimental animals review board of Shanghai OB/GYN Hospital, Fudan University.
Experimental Protocol
This is the second part of an experiment described previously. 10 Briefly, 28 female neonatal pups were orally dosed with tamoxifen from days 2 to 5 after birth, while another 12 were dosed in similar fashion with the solvent only (control group or group C). Starting from 4 weeks after birth, hotplate test was administered to all mice every 4 weeks, as described previously. 9, 20 At the 16th week after birth, all mice dosed with tamoxifen were randomly divided into 3 groups of roughly equal size, each group receiving a different treatment by daily intraperitoneal administration for 3 weeks: group L (n ¼ 9) received a low-dose (5 mg/ kg body weight) EGCG treatment; group H (n ¼ 10) received a high-dose (50 mg/kg body weight) EGCG treatment; group U (n ¼ 9), or the untreated group, received the vehicle only. The mice in group C received no treatment at all and served as a blank control. The EGCG dosages were determined based on a previous study on its use to treat endometriosis 22 and on each mouse's body weight measured every day before EGCG administration.
After the 3-week-long treatment period, the final hotplate test was administered at the 19th week to all the mice with or without induced adenomyosis, after measuring body weight. Then, after taking 0.5 mL blood directly from each mouse (taken between 9:00 and 15:00 of the day), they were sacrificed by perfusing the heart with formalin. For each mouse, both uterine horns were harvested, and the uterine weight was recorded. The left uterine horn was used for uterine contractility measurement (described previously), and the right one was fixed in 4% paraformaldehyde immediately after collection and then embedded in paraffin. The brains of all mice were harvested and the NRM sections were made and analyzed (detailed previously).
For histological examination, serial 4-mm sections were obtained from each paraffin-embedded tissue block, and then 3 randomly selected sections were chosen for hematoxylin and eosin (H&E) staining to confirm pathologic diagnosis, as described previously 9, 20 If endometrial glands and stroma were seen to be infiltrated into in myometrium, the diagnosis of adenomyosis was made. The measurement of contractility of uterine strips and plasma corticosterone levels have been reported previously 10 and are not repeated here.
Histochemistry and Immunohistochemistry Analyses and their Quantification
As described previously, the right horn of uterus was fixed in 4% formalin and then embedded in paraffin. From each tissue block, serial 4-mm sections were obtained and subjected to H&E staining to confirm pathologic diagnosis of adenomyosis, which was characterized by the presence of endometrial glands and stroma that are completely enveloped by myometrium and discontinuous with the endometrial cavity. 24, 25 The rabbit polyclonal antibodies against PR-B (ab2765; Abcam, Hong Kong, China), phosphorylated-p65 (ab30623; Abcam), COX-2 (#4842; CST, Boston), OTR (251676; Abbiotec, California), TRPV1 (ab31895; Abcam), collagen I (ab292; Abcam), collagen IV (ab6586; Abcam), and the rat monoclonal antibody against F4/80 (MCA497G; AbD Serotec, Cambridge, England), diluted to 1:50,1:80,1:200, 1:200, 1:1000,1:100, 1:500, and 1:100, respectively, were used as primary antibodies.
After routine deparaffinization and dehydration, sections were randomly selected to be heat retrieved with Tris-EDTA buffer (0.5 mol/L PH 9.0) over 98 C for a total of 30 minutes for immunostaining for PR-B, p-p65, COX-2, OTR, and TRPV1, and the others were heat retrieved with citric acid (0.01 mol/L pH 6.0) over 98 C for a total of 30 minutes for immunohistochemistry analysis of collagen I, collagen IV, and F4/80. Then all sections were cooled naturally at room temperature, and then incubated with the primary antibodies at 4 C overnight. After the sections were rinsed with PBS, they were incubated with the secondary antibody (Sunpoly-HII; BioSun Technology Co, Ltd, Shanghai, China) for half an hour, or, for F4/80, with the goat anti-rat antibody (AbD Serotec) for one hour. The bound antibody complexes were stained for 3 to 5 minutes or until appropriate for microscopic examination with diaminobenzidine (BioSun Technology Co, Ltd) and then counterstained with hematoxylin and mounted.
Images were obtained with the microscope (Olympus BX51, Olympus, Tokyo, Japan) fitted with a digital camera (Olympus DP70, Olympus). Five randomly selected images from 10-12 images on 2-4 sections of each mouse were taken for each immunostained marker to get a mean optional density value by Image Pro-Plus 6.0 (Media Cybernetics, Inc) as reported previously. 26 Staining was defined via color intensity, and a color mask was made. The mask was then applied equally to all images, and measurement readings were obtained. Immunohistochemical parameters assessed in the area detected included (a) integrated optical density (IOD); (b) total stained area (S); and (c) mean optical density (MOD), which is defined as MOD ¼ IOD/S, equivalent to the mean intensity of stain in all positive cells. Such quantification of immunohistochemistry data has been used satisfactorily as previously reported 27, 28 For F4/80, we counted the number of F4/80-positive macrophages from five randomly selected images and calculated their average. The OTR staining scores were calculated by multiplying the percentage of positive OTR cells per section (0-100%) by a semi-quantitative classifier for immunohistochemical staining intensity, which was scored as 0 if there was a complete absence of any staining, 1 for weak staining, 2 for moderate staining, and 3 for strong staining. Consequently, the staining scores ranged from a minimum of 0 to a maximum of 300. We used the mean score averaged over 5 random images.
For all markers, the staining levels were scored on ectopic endometrium in mice with induced adenomyosis. For mice in the control group or in mice without ectopic endometrium due to treatment, they were scored in the endometrium. We counted the number of macrophages (F4/80-positive) infiltrated into the ectopic endometrium in the entire focal field for mice with adenomyosis. For the mice in control group or mice that had none such lesion due to treatment, the number of F4/80-positive macrophages in endometrium was counted.
Negative control sections were processed similarly, but using a nonimmune rabbit or rat immunoglobulin G instead of the primary antibody, or by omitting the primary antibody from the incubation medium. No positive reaction was observed under these conditions. All sections were evaluated by a single investigator (BZ) without the express knowledge of the group identity.
GAD65 Immunofluorescence Staining of NRM Neurons
The mouse brains containing the NRM were harvested and immediately embedded in O.C. T. compound in liquid phlegm after the mice were sacrificed. The NRM sections were between 5.68 and 6.48 mm to the bregma and the NRM was located 1.72 and 2.68 mm interaurally as shown in Figure S1 (supplemental information). Serial 6-mm sections were performed on a cryostat for each block and stored at the temperature below À20 C until use. The sections were incubated in goat anti-mouse serum (BioSun Technology Co, Ltd) for 10 minutes and then incubated in mouse anti primary antibody against GAD65 (1:1,000, ab26113; Abcam) at 4 C overnight. The GAD65 is expressed in the cytoplasm of presynaptic neurons. The sections were rinsed with PBS (pH 7.4) and incubated in secondary antibody mixed with DyLight649 (E032610; Earthox, San Francisco) for 1 hour and then rinsed with PBS (pH 7.4) again and mounted.
Images were obtained with a microscope (Olympus BX51) fitted with a digital camera (Olympus DP70). Five randomly selected images of the 6 to 7 sections of each mouse were taken for each immunostained parameter to count the numbers of GAD65-positive (red) cells in the NRM, located between 1.72 and 2.68 mm interaurally, and the mean was calculated.
Statistical Analysis
Box plot was used to provide a graphic summary of the distribution and dispersion of the quantities of interest. In each box plot, the bottom and top of the box represent the lower and upper quartiles, respectively, and the band near the middle of the box represents the median, and the ends of the whiskers represent the smallest and the largest nonoutlier observations. Data points outside of the 2 whiskers are typically considered outliers. Comparison of the distributions among 2 or more groups of continuous variables was made using the Wilcoxon and Kruskal-Wallis tests, respectively, and the paired Wilcoxon test was used when the before-after comparison was made for the same group of patients. Pearson or Spearman rank correlation coefficient was used when evaluating correlations between 2 variables when both variables were continuous or when at least 1 variable was ordinal. To see whether EGCG treatment and other possible factors were responsible for any change in staining levels after the treatment, a multiple linear regression model was used. Jonckheere trend test was used to test whether there is any association between the myometrial infiltration depth and other factors of interest. To determine the correlates of the depth of myometrial infiltration, we used a multiple linear regression model. The grade of infiltration of none, I, II, and III was coded as 0, 1, 2, and 3, respectively. 23 We carried out a hierarchical cluster analysis with scaled data and the Euclidean distance as the similarity metric, with the average linkage being the clustering method. The resulting dendrogram was represented as a heatmap. A multidimensional scaling (MDS) analysis was performed to discriminate all 40 mice used in this study using PR-B, myometrial OTR staining levels, and GAD65þ neurons. P values of less than .05 were considered statistically significant. All computations were made with R statistics software system version 3.0.0. 29
Results
Induced Adenomyosis Reduced GAD65-Positive Neurons in the Brainstem NRM
We first examined whether induced adenomyosis would result in decreased number of GAD65-positive neurons in the NRM. Figure 1A shows the typical immunofluorescent staining among 4 groups of mice. The GAD65-positive neurons were the most in group C, and their numbers decreased dose dependently by the decrease in the dose of EGCG. We found that mice with adenomyosis had significantly lower number of GAD65positive neurons in the NRM than those without adenomyosis (P ¼ .0001; Figure 1B ), suggesting that the number of neurons expressing GAD65 was significantly reduced. In particular, the number of GAD65þ neurons in the NRM correlated positively with the hotplate latency in mice with and without adenomyosis (r ¼ .89, P ¼ .0013 and r ¼ .64, P ¼ .023, respectively), suggesting that the number of GAD65-expressing neurons in the NRM correlated closely with the extent of hyperalgesia.
Effect of Treatment on the Number of GAD65-Positive Neurons in the NRM
We next investigated as whether EGCG treatment would increase the number of these neurons in the NRM in mice with and without adenomyosis. We found that mice with adenomyosis had a significantly lower number of GAD65-positive neurons in the NRM than the control group (P ¼ 1.3 Â 10 À4 ; Figure 1B) , and mice received low-and high-dose EGCG treatment had higher number of GAD65-positive neurons than the untreated group (P ¼ .004 and .0003, respectively), with high-dose group having more GAD65-positive neurons than the low-dose group (P ¼ .002; Figure 1B) . A multiple linear regression analysis (the number of cells was square-root transformed to improve normality) indicated that while adenomyosis induction was associated with the decrease in the number of GAD65-positive neurons in the NRM (P < 2.0 Â 10 À16 ), the EGCG treatment was associated, dose dependently, with a significant increase in the number of GAD65-positive neurons (P ¼ 2.5 Â 10 À9 ; R 2 ¼ 0.91).
The number of GAD65-positive neurons in the NRM was found to be positively correlated with the hotplate latency after treatment (r ¼ .70, P ¼ 5.1 Â 10 À7 or r ¼ .86, P ¼ 1.0 Â 10 À12 if the number of cells was log transformed; Figure S2A ). It also was found to be negatively correlated with the plasma CORT levels (r ¼ À.70, P ¼ 5.0 Â 10 À7 or r ¼ À.88, P ¼ 4.5 Â 10 À14 if the number of cells was log transformed; Figure S2B ).
Effect of Treatment on p-p65, PR-B, COX-2, OTR, TRPV1, collagen I, and IV Immunoreactivity and the Number of F4/80-Positive Macrophages in Ectopic Endometrium
We evaluated the immunoreactivity results for all mice. Figure 2 shows the p-p65, PR-B, COX-2, OTR, TRPV1, collagen I, and IV immunostaining in ectopic endometrium among different groups. The micrographs of immunofluorescent staining for positive and negative controls can be found in Figure S3 (supplemental information). For COX-2, the staining was predominantly localized in the cytoplasm of glandular epithelial cells in ectopic and eutopic endometrium. Both PR-B and p-p65 staining were localized primarily in the nuclei of glandular epithelial cells of eutopic and ectopic endometrium, while TRPV1 staining was seen mainly in the cytoplasm and cell membranes of glandular epithelial cells; OTR staining was localized in both the cell membrane and the cytoplasm of glandular epithelial cells and myometrial smooth muscle cells ( Figure 2 ). We scored OTR staining levels in epithelial cells and myometrial smooth muscle cells separately. Both collagen I and collagen IV staining were seen nearly uniformly in the extracellular matrix of the ectopic endometrial stromal tissues, irrespective of the proximity to the glandular epithelial cells or not.
We found that there was a significant difference in immunoreactivity to PR-B, p-p65, PR-B, collagen I and IV, COX-2, OTR, and TRPV1 in ectopic/eutopic endometrium and to OTR in myometrium among different groups (all P values <.0015; Figure 3 ). In particular, multiple linear regression analyses (all immunoreactivity levels were square-root transformed to improve normality) indicated that while adenomyosis induction was associated with the increase (decrease for PR-B) EGCG treatment was associated, in a dose-dependent manner, with a significant reduction (increase for PR-B) in immunoreactivity to all these proteins (all P values <.017, with R 2 ranging from 0.32 to 0.89).
We found that the immunostaining levels (all square-root transformed to improve normality) of these proteins were all highly correlated, with the positive correlation coefficients ranged from 0.46 to 0.98 (PR-B excluded) and the negative correlation coefficients ranged from À0.57 to À0.70 (all P values <.001 for PR-B vs others). In addition, the contractile amplitude correlated positively with the myometrial OTR staining levels (r ¼ .89, P ¼ 9.3 Â 10 À15 ; Figure 4A ) and also with the OTR staining levels in the ectopic endometrium (r ¼ .91, P ¼ 2.2 Â 10 À16 ; Figure 4B ). Interestingly, the contractile frequency also correlated with both myometrial OTR and OTR staining levels, but to less extent (r ¼ .48, P ¼ .0019 and r ¼ .56, P ¼ .00016; Figure 4C and D).
We found that the immunoreactivity to PR-B, p-p65, OTR, myometrial OTR, COX-2, collagen I and IV, and F4/80positive macrophages were all highly correlated with the depth of myometrial infiltration (all positive except PR-B, which was negative, and the Spearman correlation coefficients ranged from 0.75 to 0.87 (À0.86 for PR-B), all P values <2.6 Â 10 À8 ; Figure 5 ). The Jonckheere trend test indicated that all these immunostaining levels were significantly associated with the depth of myometrial infiltration (all P values <1.4 Â 10 À6 ; Figure 5 ). A multiple linear regression analysis indicated that the myometrial OTR staining levels was the only covariable that is associated with the depth of myometrial infiltration (P < 2.0 Â 10 À16 , R 2 ¼ 0.87).
Hierarchical Cluster Analysis of Measured Phenotypes and IHC Immunoreactivity. We performed a hierarchical cluster analysis of all measured phenotypes and IHC immunoreactivity measurements, and the results are presented as a heatmap ( Figure 6 ). We can see from Figure 6 that all 40 mice could be grouped roughly into 3 clusters: cluster 1 is featured by low GAD65þ neurons numbers, short latency, low PR-B immunoreactivity and higher immunoreactivity to COX-2, p-p65, TRPV1, and OTR in the ectopic/eutopic endometrium and myometrium and higher plasma corticosterone levels and higher contractile amplitude and frequency, and greater myometrial infiltration. This cluster includes all mice in the untreated group plus a few in the lowdose EGCG group and 1 in the high-dose EGCG group. Cluster 2 is the opposite and is characterized by higher PR-B and GAD65 and longer latency, heavier body weight and uterine weight, but lower immunoreactivity to COX-2, p-p65, TRPV1, and OTR in the ectopic/eutopic endometrium and myometrium, lower plasma corticosterone levels and lower contractile amplitude and frequency, and no myometrial infiltration (no adenomyosis).This cluster includes exclusively all mice in the blank control group. The features of cluster 3 are somewhere between clusters 1 and 2, and it includes most mice in the low-and high-dose groups. From the heatmap, it seems that GAD65 and PR-B can be clustered together, which forms a greater cluster with the hotplate latency ( Figure 6 ). Myometrial OTR also seems to cluster the mice fairly well (by eyeballing the color bar on the left panel and the heatmap). Consequently, we used GAD65, PR-B, and myometrial OTR staining levels to carry out a multidimensional scaling analysis. The result is shown in Figure 7 . We can see that, indeed, the use of these 3 measurements can cluster the mice very nicely, almost a perfect match with the original treatment assignment (Figure 7 ).
Discussion
The existence of an endogenous pain modulatory system in humans is well documented. [12] [13] [14] When faced with a lifethreatening or other grave situations such as in combat, humans have a remarkable attenuation of pain perception. Neurons within the NRM and nucleus reticularis gigantocellularis project to the spinal or medullary dorsal horns to directly or indirectly enhance (facilitatory) or diminish (inhibitory) nociceptive traffic, altering the pain perception. 14 The descending modulatory circuit is an ''opioid-sensitive'' circuit accounting for the action of pain-relieving drugs such as opiates and cannabinoids and is also responsible for the phenomenon of placebo effect. 30 However, caution should be exercised since estrogen has been shown to promote synaptogenesis in several brain regions such as hippocampus and hypothalamus 31, 32 while treatment of mouse pups with tamoxifen was shown to decrease dendritic growth and synaptogenesis in developing Purkinje cells, a class of GABAergic neurons located in the cerebellum animals. 33 Future studies are needed to determine as whether the decreased number of GAD65-expressing neurons is the result of induced adenomyosis, neonatal dosing of tamoxifen, or both. Since women with primary dysmenorrhea are shown to have changed brain metabolism 34 and women with endometriosis-associated chronic pelvic pain display decreased gray matter volume in brain regions involved in pain perception, 35 it is biologically plausible that induced adeomyosis alone could cause loss of GABAergic inhibition.
The finding that mice with induced adenomyosis had substantially reduced number of GAD65þ neurons in the NRM suggests that the GAD65-expressing neurons in the NRM in mice with adenomyosis are greatly diminished, resulting possibly in reduced GABAergic inhibition of pain due to adenomyosis. This seems to be supported by the close correlation between the number of GAD65-expressing neurons in the NRM and the extent of hyperalgesia. This is consistent with the report that in rat persistent inflammatory and neuropathic pain epigenetically suppresses gad65 activities in the NRM through HDACmediated histone hypoacetylation, resulting in impaired GABA synaptic inhibition. 36 In addition, gad65 knockout mice exhibit thermal hyperalgesia 17 and display exaggerated pain behavior in conjunction with an impaired GABA synaptic function in the brainstem neurons. 36 This may also explain, at least in part, that the use of an HDAC inhibitor such as valproic acid can reduce hyperalgesia resulting from induced adenomyosis in mice, 9, 20 since HDAC inhibitors overwhelmingly increase gad65 activities, restore GABA synaptic function, and relieve the sensitized pain behavior. 36 Remarkably, EGCG has been shown to suppress DNA methyltransferases (DNMTs) and decrease HDAC activity, resulting in reactivation of methylation-silenced genes. [37] [38] [39] [40] Since the extent of histone acetylation at GAD65 promoter was not examined in this study, however, it is unclear as whether the observed change in the GAD65-expression neurons in NRM in mice with induced adenomyosis is epigenetic in nature. Future studies are needed to illuminate this issue. Nonetheless, to our knowledge, this study is the first to provide the evidence that adenomyosis may impair GABAergic inhibition of pain. Although the exact mechanisms as how induced adenomyosis causes impairment in GABAergic inhibition are unclear, it is possible that the prolonged hyperalgesia and stress resulting from the induction could cause molecular, morphological, and functional changes throughout the CNS simply due to neuronal plasticity in response to activity and inflammation. 41 Indeed, brain imaging studies have shown that, in women with primary dysmenorrhea, there is a change in brain metabolism, 34 and abnormal decreases are found in regions involved in pain transmission, higher level sensory processing, and affected regulation while increases are found in regions involved in pain modulation and in regulation of endocrine function. 42 Women with endometriosis-associated chronic pelvic pain displayed decreased gray matter volume in brain regions involved in pain perception. 35 In mice with adenomyosis that was induced in the same manner as in this study, we have shown that, starting from just 1 month after the induction, the mice exhibit progressively deteriorating hotplate latency as compared with mice without the induction. 9, 10 Our finding that EGCG treatment improved the GABAergic inhibition of pain seems to be consistent with the report that EGCG has anxiolytic effects that could result from an interaction with GABA A receptors. 43 It is also consistent with the report that EGCG attenuates acute stress responses through GABAergic system in the brain. 44 In support for this evidence, the plasma corticosterone levels were found to be highly correlated with the number of GAD65-expressing neurons in the NRM.
That immunoreactivity to PR-B is reduced, while NF-kB p65, COX-2, OTR, and TRPV1 immunostaining levels are all elevated in ectopic endometrium in mice with adenomyosis as compared with those without is consistent with human studies, so did their correlation with the severity of dysmenorrhea. [45] [46] [47] [48] In particular, elevated myometrial OTR expression is consistent with our recent report that myometrial OTR expression is increased in women with adenomyosis and is positively correlated with the uterine contractility and the severity of dysmenorrhea. 8 The finding that is somewhat novel arising from this study is the increased staining for collagen I and IV, even though our results are consistent with the finding of increased interstitial collagen deposition in CD-1 mice with adenomyosis that was induced exactly the same manner as in our study. 49 Collagen is a fibrous structural protein. Collagen fibers are a major component of the extracellular matrix (ECM) that supports most tissues and gives cells structure from the outside. Numerous studies have reported increased collagen content in endometriosis, [50] [51] [52] but collagen content in adenomyosis seems to have received scant attention. Eutopic and ectopic endometrial stromal cells derived from women with endometriosis possess stronger than normal endometrial stromal adhesion to ECM proteins such as collagen I and IV, 53, 54 and selective inhibition of PTGER2-and PTGER4-mediated PGE 2 signaling decreases adhesion of endometriotic cells to collagen I, collagen IV and other ECM proteins. 55 The ECM proteins such as collagen IV may also promote proliferation of T cells 56 or induce apoptosis of the local immune cells including activated T lymphocytes, 57 facilitating the development of endometriosis. It is likely that increased collagen content as we observed in this study may play roles in the development of adenomyosis similar to endometriosis. While the mechanisms underlying increased production of collagen I and IV are unclear, it is possible that the epithelial-mesenchymal transition (EMT), likely to be estrogen induced, seen in adenomyosis 58 may yield increased fibroblasts and/or myofibroblasts, contributing to the increased collagen I and IV production. The increased production may, in turn, further facilitate the development of adenomyosis by promoting proliferation and adhesion of ectopic endometrial stromal cells. 53, 54 Since TGF-b1 is upregulated in mice with induced adenomyosis, 49 and since TGF-b1 is known to be a potent inducer of EMT in many tissues, 59 it is very likely that the stromal compartment of adenomyotic lesion would be enlarged, as in endometriosis, 60 which would facilitate the development of adenomyosis.
Macrophages are immune cells that play critical roles in both innate and acquired immunity, executing diverse functional activities, including (1) phagocytosis and degradation of foreign antigens, (2) matrix dissolution and tissue remodeling, and (3) production and secretion of growth factors, cytokines, and chemokines. 61 While increased macrophage infiltration into the ectopic endometrium has been extensively reported in endometriosis, [62] [63] [64] [65] [66] [67] in adenomyosis per se such report is scanty. As in endometriosis, the increased number of macrophages infiltrating the ectopic endometrium may facilitate a wide array of functional activities of macrophages as mentioned previously, maintaining and promoting adenomyosis.
Using a clustering heatmap, we found that all mice can be grouped, based on all readouts from the experiment, into 3 large clusters: normal mice, sick and untreated mice, and sick, treated, and improved mice ( Figure 6 ). Further clustering using, judicially, just 3 measurements (PR-B, myometrial OTR, and GAD65) can group the mice almost perfectly (Figure 7 ). While these results strongly suggest that mice with induced adenomyosis but received EGCG treatment had improved pathophysiological condition and behavioral readouts, their condition or functionality was not completely restored to the normal level. These results also suggest that, in preclinical studies of potential therapeutic agents, these 3 measurements may serve as biomarkers gauging the potential efficacy. Indeed, PR-B is known to be involved in adenomyosis, 46, 68 and as a transcription factor it may be a pivotal player. Myometrial OTR also seems to play a role in symptomatic adenomyosis. 8, 45 The number of GAD65-positive neurons in the NRM may be a proxy for GABAergic modulation of pain. Currently, there is no wellaccepted biomarker for such a purpose. Quite often, depth of myometrial infiltration, number of adenomyotic nodules, and other measures are used. While these may be important outcome measures, it is unclear whether or not they have any functional significance that is predictive of human studies. Figure 7 . Results of multidimensional scaling analysis using data on progesterone receptor isoform B (PR-B) and myometrial oxytocin receptor (OTR) immunostaining levels and the number of glutamate decarboxylase (GAD) 65-positive neurons in the nucleus raphe magnus (NRM). All mice were represented by their group labels, which are the same as used in Figure 4 .
The EGCG is the major catechin found in green tea 69 and known to possess many desirable properties such as antioxidative, antimitotic, antiangiogenic, and tumor suppressive activities. 70, 71 The EGCG has been shown to suppress expression of genes coding for DNMTs and decrease HDAC activity, leading to reactivation of methylation-silenced genes 37, 38 and attenuated acute stress responses through GABAergic system in the brain. 44 In endometriosis, it has been reported that EGCG suppresses estrogen-stimulated activation, proliferation and VEGF expression of endometrial cells in vitro, and induces regression of the endometriotic lesions. 72 The EGCG also has been shown to suppress the angiogenesis signaling pathway and inhibit neovascularization and the growth of experimental endometriosis in mice. 22, 73, 74 In view of alterations in vascular distribution, 75 elevated immunoreactivity against class I HDACs, 76 PR-B promoter hypermethylation with concomitant reduced expression 68 and aberrant expression of DNMTs in adenomyosis, 77 and seemingly increased stress levels in mice with induced adenomyosis, 10 and in conjunction with more immunohistochemistry data and desirable effect on the number of GAD65-expressing neurons in the NRM as shown in this study, EGCG appears to be a potentially promising drug candidate for treating adenomyosis.
In summary, we have found that GAD65-expressing neurons in the NRM are significantly diminished in mice with induced adenomyosis, concomitant with heightened hyperalgesia. Treatment with EGCG increased the number of these neurons, in conjunction with improved hyperalgesia. In addition, EGCG treatment reduces the expression of p-p65, COX-2, OTR, collagen I and IV, and TRPV1 in ectopic endometrium or myometrium, reduces the number of macrophages infiltrating into the ectopic endometrium while elevates the expression of PR-B, concomitant with improved general hyperalgesia, reduced myometrial infiltration, and decreased plasma corticosterone levels. These results provide further evidence that EGCG may be a promising candidate for treating adenomyosis.
